LONG-CHAIN FATTY ACIDS AS IN VITRO ANTIBACTERIAL AGENTS
Antibacterial activities: Antibacterial activities of long-chain fatty acids are shown as the bacteriostatic effect in culture media incorporated with them . In some instances (Hart, Lovelock and Nash, 1962; Galbraith et al ., 1971; Kondo and Kanai, 1972a) , the activity was assayed by the bactericidal' test in such a manner that the change in viable count is examined by inoculating the fatty acid-bacteria mixture onto solid nutrient medium at time-intervals . The antibacterial activity was also revealed in reduced enzymatic activities of treated bacterial cells, e.g. oxidation of glucose-6-phosphate and 6-phosphogluconic acid (Eisler and Heckly, 1968) , oxygen consumption, the electron-transport chain and NADH2 oxidase (McKee et al., 1947; Franke, Li-Tsoung and Siewerdt-Kibat , 1949; Levine and Novak, 1949; Weitzel, 1952; Sheu and Freese , 1972, 1973; Galbraith and Miller, 1973c; Miller, Brown and Morse , 1977) , amino acid uptake (Galbraith and Miller, 1973c; Sheu and Freese, 1973) and acid phosphatase and tetrazolium-reducing activity (Kondo and Kanai , 1972a; 1974a) . These observations appear to suggest that fatty acids act on the enzymes associated with the bacterial membrane.
Bacterial species sensitive to fatty acids: Generally speaking, gram-positive bacteria and acid-fast bacteria are sensitive to the antibacterial effect of long-chain fatty acids, but gram-negative bacteria are more or less resistant , with the exceptions of N. gonorrhoeae, N. meningitidis and Bordetella pertussis (Pollock , 1949) . This species difference of fatty acid sensitivity appears to be closely related with the structural differences of the bacterial surface and the mechanism of the antibacterial effect as discussed later. Concerning short-chain (C2-C6) fatty acids, some discrete information indicates the reverse pattern that gram-negative bacteria and some fungis are sensitive to them but gram-positive bacteria are not (Sheu and Freese, 1973; Teh, 1974) .
Speaking more in detail, it is also admitted that bacterial sensitivity to fatty acids shifts within genus and species. Examples were shown by Hashimoto, Tsuchiya and Aoyagi (1957) and Kondo and Kanai (1972a) with mycobacteria, and with lactobacilli by Camien and Dunn (1957) . The former authors noticed that M. avium and M. intracellularae are more resistant to fatty acids than other species of mycobacteria. The latter authors found that saturated C18 and C20 are as strongly bacteriostatic as C14 and C1.6 for some species of lactobacillus, e.g. L. gayonii, but that L. arabinosus and L. casei are very insensitive to them except C14.
The site attacked by fatty acids: Sheu and Freese (1972) studied on the inhibitory effect of long-chain fatty acids on growth, oxygen consumption, ATP concentration, and membrane protein composition of Bacillus sub tilis. They stated that the inhibitory results were best explained by assuming that fatty acids reversely react with the cell membrane or its proteins. Galbraith and Miller (1973a) found that protoplasts of Bacillus megaterium adsorbed 14C-labelled fatty acid to a greater extent than whole cells. The lysis of the protoplasts was induced when fatty acid concentrations were nearly bactericidal and the differences in bactericidal sensitivity to individual fatty acids and bacterial species were well reflected on protoplast (Galbraith and Miller, 1973b) . Cunningham, Kazan and Kuwahara (1972) studied on the lytic effect of long-chain fatty acids on various Try panosomatidae. The lysis was due to the loss of membrane structure. These findings, together with those described later, suggest strongly that the target point attacked by antibacterial fatty acids may be the cytoplasmic membrane.
Chemical structure of fatty acids and their antibacterial activity: The former literatures as reviewed by Nieman (1954) essential for the affinity to E. coli and the adsorbed ester would be hydrolyzed to release the toxic, free form at the site on or near the cytoplasmic membrane . The lipophilic and hydrophilic balance of molecule is an important , if not sole, factor for the antibacterial activity of long-chain fatty acids . Then, C12:0 and C14:0 are considered to have the balance for the maximum activity against gram-positive and acid-fast bacteria. C18:0 and C20:0 fatty acids, which are not antibacterial probably because of their too hydrophobic property , turn into active ones when double bonds are introduced into their molecular structure giving them a property to behave as liquids in solution (Galbraith et al ., 1971 ). It appears a general rule that the longer the chain of fatty acids , the more double bonds are required for their antibacterial activity (Laser , 1952; Franke et al., 1949) . For example, C16:1 is almost as active as C1 4.0 against tubercle bacilli (Kondo and Kanai, unpublished results). C24:1 (cis-15) is inactive even against the highly sensitive N. gonorrhoeae (Miller , Brown and Morse, 1977) . Both C18 :3 and C20:4 have the highest grade of bactericidal activity against tubercle bacilli , the former being slightly but definitely more active than the latter (Kondo and Kanai, 1977b) .
The importance of lipophilic and hydrophilic balance suggests that at least a part of the antibacterial activity of fatty acids depends upon their detergent activity on the cytoplasmic membrane. In addition , introduction of double bonds will bring about a conformational change in the molecule of fatty acids , thus increasing the surface area requirement and producing steric effect . The greater the area occupied by an individual molecule, the fewer molecules are required to occupy a sensitive site on the bacterial membrane (Galbraith et al ., 1971) . The fact that cis form is more antibacterial than trans form (Kodicek and Worden , 1945; Franke et al., 1949; Laser, 1952; Galbraith et al ., 1971; Kondo and Kanai, 1977b) will also be understood as a steric effect to give more fluidity to membranes .
Gram-negative bacteria, which are resistant to long-chain fatty acids , are sensitive to water-soluble short-chain ones (Sheu and Freese , 1973) . However, it must be noted that the effective concentrations of such short-chain fatty acids against gram-negative bacteria are much higher than those of long-chain fatty acids against gram-positive bacteria (Miller, Brown and Morse , 1977; Sheu and Freese, 1973) . Some different mechanisms may be operating in those two instances .
Factors which interferes with the antibacterial activity: It has long been known that serum, serum albumin, blood and charcol can antagonize the antibacterial activity of long-chain fatty acids (Walker, 1926; Dubos , 1947; Dubos and Middlebrook, 1948; Pollock, 1949; Kodicek, 1949; Goodman , 1958) . Lipids such as lecithin, sphingomyeline, cholesterol, calciferol, lumi sterol , a-tocopherol and ergocarciferol neutralize the toxicity of long-chain fatty acids (Kodicek and Worden, 1945; Dubos, 1948; Wynne and Foster, 1950; Willett and Morse , 1966; Galbraith et al., 1971) . All these agents are considered to make complexes with fatty acids, thus removing them from the cell environment . The lethal effect is largely prevented by some surface-active agents including bile salt , cationic detergents and nonionic detergents (e.g. Tween 80 and Triton WR-1339) ( (Kamio and Nikaido , 1976) . If so, the resistance of gram-negative bacteria to long-chain fatty acids may be attributed to the absence of exposed phospholipid bilayer regions on the bacterial surface , and not always due to rejection of fatty acids by hydrophilic saccharide chain (Nikaido, 1976; Galbraith and Miller, 1973a) . The latter authors observed that gram-negative Pseudomonas phaseolicola adsorbed toxic fatty acids in the same manner as fatty acid-sensitive gram-positive B . megaterium, namely in the order of myristic, lauric, linoleic and capric acids . Rather exceptional cases are gram-negative B . pertussis, N. gonorrhoeae and N. meningitidis. They are highly sensitive to long-chain fatty acids despite the presence of the lipopolysaccharide layer. The present reviewers are interested in the fimbriae on the surface of the outer membrane as their common morphological characteristics (Saw, Arai and Suzuki, 1974; Swanson, Kraus and Gotschlich, 1971) , and assumed that fatty acids might be adsorbed on the fimbriae through which they are led into the target points of the inner membrane .
Acid-fast bacilli are one of the most sensitive bacteria to long-chain fatty acids. Their hydrophobic surface may have a strong affinity to fatty acids (Kondo and Kanai, 1976a ) and the lipid-rich interior of the cell wall may support their penetration into the plasmic membrane.
The next question is their mode of action on the cytoplasmic membrane leading to cell death. Galbraith and Miller (1973b) produced lysis of protoplasts at pH 7.4 with fatty acids at nearly bactericidal concentrations . The lysis was revealed by reduced optical density of protoplast suspensions and also by the release of ultraviolet ray-adsorbing materials from the treated bacterial cells . Kondo and Kanai (1976a) found that the hemolytic activity of long-chain fatty acids is of the same order of intensity as that of their mycobactericidal activity . Kodicek and Worden (1945) suspected that formation of an adsorption layer of fatty acids around the bacterium produced a concomitant change in cell permeability. Their interpretation of bacteriostatic and bactericidal effects of fatty acids is that the former is brought about by impaired activity to absorb nutrients and the latter is caused by induced release of essential intracellular constituents.
The biophysical and biochemical effects of fatty acids on the molecular structure of the cytoplasmic membrane are still a matter of discussion . It might be speculated that the hydrocarbon chain of added long-chain fatty acids is inserted into the phospholipid bilayer of the membrane, thus increasing negative charge of the membrane surface with their head groups. In connection with this concept , interesting is the finding of Mabrey and Sturtevant (1977) . They observed that the transition temperature of dipalmitoyl lecithin from gel to liquid crystal phase in multilammelar aqueous suspensions was raised from 41.4 to 61.5 C by addition of palmitic acid at a mole fraction of 0.67. A similar effect on dilauroyllecithin was produced by lauric acid. This effect was explained by them to be due to elimination of the destabilizing crowding of the phosphatidylcholine head groups . The stabilizing effect is not produced in a full measure by fatty acids of different chain-length or by saturated hydrocarbons of the same length. These observations raise a question as to what effects would be produced by the insertion of particular fatty acids into the phospholipid bilayer especially on the various behaviors of biomembranes such as aggregation, fusion and permeability (Kremer and Wierschma, 1977; Honi et al., 1978) . Waite et al. (1969) found that acyl bond hydrolysis of exogenous and endogenous phospholipids by mitochondria was stimulated by free fatty acids, among them lauric, myristic, oleic and linoleic being most effective. These fatty acids may alter the membrane phospholipid layer so that phospholipases can easily act on individual phospholipids.
Some other authors (Sheu and Freese, 1972) considered that long-chain fatty acids may reversively react with the membrane protein to alter its structure or uncouple the electron transport chain. The evidence was obtained from the physicochemical changes of fatty acid-treated proteins as revealed by polyacrylamide gel electrophoresis (Sheu and Freese, 1972; Fessenden-Raden, 1972) . Mahadevan and Sauer (1974) also felt a possibility that proteins (lipoproteins) buried below the surface layer of plasma membrane can play a role in the uptake of fatty acids.
As stated before, fatty acids inhibit various enzymatic activities of bacteria, especially of the membrane-associated enzymes for respiration. Two possibilities are considered as the mechanism; the first is the indirect result from the structural change of the membrane and the second is the direct effect on the enzyme protein itself. Hardesty and Mitchell (1963) suggested that fatty acids can act on cytochrome c to produce a partial unfolding of its protein moiety from around the planar hem. The work of Kuroda and Endo (1977) (Tables I, II) with the enzyme system for cholesterol synthesis and that of Miller and Woodhouse (1977) with ATPase demonstrated that some long-chain fatty acids are highly inhibitory on the activity of those enzymes and that the active molecular species are the same as those of antibacterial fatty acid.
Finally, long-chain fatty acids as antimetabolites can be considered in connection with their antibacterial activity (Camien and Dunn, 1957) . However, i t i s beyond the scope of this review.
As growth inhibitors in culture media: Concerning long-chain fatty acids as growth inhibitors in bacterial media, three origins have been considered. The first is the ingredients for culture media, especially agar as the base for solid media (Drea, 1942 (Drea, , 1944 Ley and Mueller, 1946) . To antagonize the toxicity of agar fatty acids, some neutralizing substances have been employed such as serum, blood, charcol and starch for cultivation of fatty acid-sensitive bacteria.
The second is the cotton plug from which toxic fatty acids are extracted during dry heating at 170 C or higher. Such fatty acids make greasy film on the inside wall of culture tubes and contaminate the culture medium to inhibit the growth of inoculated bacteria. This is particularly important in cultivation of some species of bacteria, e.g. Bordetel'la pertussis (Pollock, 1948) and tubercle bacilli (Hashimoto, Tsuchiya and Aoyagi, 1957; Hart, Lovelock and Nash, 1962) .
The third is the microorganisms themselves which liberate fatty acids during When complexed with detoxicants, fatty acids may serve as a carbon source for bacterial growth without exerting their toxic effect (Dubos , 1947; Williams, B roquist and Snell, 1947; Kitay and Snell , 1950; Broquist and Snell, 1951; Hedgecock, 1970) . In this instance , the association between detoxicant and fatty acid may be so loose that fatty acids are easily separated and taken up by b acteria (Hedgecock, 1970) . A short period of incubation with toxic fatty acids may promote bacterial growth instead of inhibition (Nieman, 1954) .
A simple unified theory has not yet developed to integrate the above three factors.
A particular case is the growth stimulation of lactobacilli and others by unsaturated fatty acids which act as a substitute for biotin (Axelrod , Mitz and H ofman, 1948) . However, the detailed discussion of this problem is outside of the scope of this review.
LONG-CHAIN FATTY ACIDS AND SERUM BACTERICIDAL ACTIVITY ON GRAM-NEGATIVE BACTERIA
The mechanism of serum bactericidal activity on gram-negative bacteria has long been of academic interest to microbiologists (Skarnes and Watson , 1969) . S ome investigators have proposed the antibody-complement system as being implicated in the bactericidal activity of serum via alterations of bacteri al cell envelope, may it be either the inner (Bladen , Gerwurz and Mergenhagen, 1967; Muschel, Ahl and Fischer, 1969; Slein and Logan , 1967) or the outer membrane 145 (Feingold, Goldman and Kunitz, 1968) .
Such envelope alterations have been attributed to hydrolysis of membrane phospholipids probably by activation of bacterial or serum phospholipase (Bladen et al., 1967; Slein and Logan, 1967) , though some other authors have discounted the participation of serum phospholipases (Beckerdite-Quagliats, Simberkoff and Elsbach, 1975; and bacterial phospholipases (Kreutzer et al., 1977) . Kreutzer et al. (1977) stated that serum-mediated killing of E. coli is independent of free fatty acid release and that activation of bacterial phospholipases and the resulting release of free fatty acids are only the results rather than a cause of the event. They reached this conclusion on the basis of their experiments with phospholipase-deficient mutants Doi, Ohki and Nojima, 1972) . Kato and Bito (1978) studied the mode of complement-mediated killing of bacterial cells in relation to their membrane fluidity using a mutant strain of E. coli K12 which thermotropically required unsaturated fatty acids for growth. Their results indicated that the rate of cellular susceptibility to complement action is closely related with the liquid crystalline phase of phospholipids of cellular membranes.
All these results as above suggest that long-chain fatty acids can affect directly or indirectly the sensitivity to serum bactericidal activity.
FATTY ACIDS AND INTESTINAL FLORA
The fact that long-chain fatty acids have a selective toxicity against grampositive bacteria suggests that fatty acids liberated from food lipids may exert some influences upon the population pattern of intestinal flora. For example, Bernhart et al. (1952) observed that soya lecithin influences the microflora, particularly clostridia, by releasing its constituent fatty acids in the digestive tract. On the other hand, gram-negative enteric bacteria have the lipopolysaccharide layer which constitutes a penetration barrier against fatty acids and bile salts. This molecular structure on their surface must undoubtedly be of great benefit to their survival in the alimentary tract where such antibacterial agents are abundant (Nikaido, 1976) . However, it is known that some species of gram-positive bacteria, e.g. Lactobacillus, Streptococcus, and Bi fidobacterium, are also inhabiting the intestinal tract, mainly in its upper part (Mitsuoka, 1978) . He stated that viable counts of these gram-positive bacteria are much smaller than the total number as estimated by microscopical observation. This fact appears to suggest that they can not survive long enough in the intestine. The dynamic equilibrium between continuous multiplication and rapid dying may decide their population level in the intestine.
Concerning anaerobic intestinal bacteria, Morotomi, Kawai and Mutai (1976) isolated three strains having strict requirements for long-chain fatty acids from the cecal contents of rats, and biohydrogenation of linoleic acid into octadecenoic acid was demonstrated . They thought that long-chain fatty acids in the intestine are factors in controlling the localization and the population levels of indigenous bacteria. Demeyer, Henderson and Prins (1978) stated that rumen bacteria and protozoa can directly incorporate higher fatty acids into microbial lipids in a greater amount than that of de novo synthesis . Finally, it is pertinent to add here that fatty acids may find application in selective media . The recinoleic acid inhibits the growth of bacteria other than the gram-negative Escherichia -Aerobactor groups (Nieman, 1954) .
FATTY ACIDS AS SELF'-DISINFECTANT IN THE SKIN
Normal skin is an effective barrier to pathogens entering the human body , (B urtenshaw, 1938, 1948) . However, the mechanisms whereby pathogenic bacteria are destroyed on the skin surface is not so clear as yet . Ricketts, Squire and Topley (1951) extracted lipid from the forearms of volunteers with acetone , which was shown to kill a variety of microorganisms in laboratory media . The in vitro killing curve of this extract suggested that the lipid might be oleic acid . Pillsbury and Rebell (1952) showed that many fatty acids present in sebaceous secretions, especially caproic and caprylic acids , were bactericidal in laboratory media upon several organisms. These studies were then extended to the in vivo experiments by Lacey (1968) . He applied either 100% acetone , 74% ethanol, or soap to the forearm skin to remove lipids and then inoculated staphylococci there on standard areas. Quantitative enumeration of the bacilli surviving 5 hr later indicated that the treated skin favored the persistence of inoculated staphylococci. Aly, Maibach, Shinefield and Strauss (1972) confirmed this observation with Staphylococcus aureus, Streptococcus pyogenes and Candida albi cans . Though many individuals had the capacity to destroy or to reduce greatly the number of S, aureus applied to the skin , other individuals allowed this organism to persist and multiply.
More recently Aly et al. (1975) demonstrated a direct correlation between the quantitative reduction of experimentally inoculated S . aureus and C. albi cans in the skin and the degree of their in vitro inhibition by acetone extracts of the skin surface. This relationship was not established with P . aeruginosa, since this organism was resistant to the antibacterial activity of the extracts . These observations, together with the experience that the effectiveness of extracted lipids is neutralized with blood or albumin (Burtenshoaw , 1938; Ricketts et al., 1951) , also suggest that the active component of the extracts may be free long -chain fatty acids. As a clinical example to show the curative role of fatty acids in the skin, Rothman et al. (1946) found that the spontaneous cure in puberty of ringworm of the scalp is a consequence of increasing fungistatic action of sebaceous secretion of the scalp. This fatty substance , which is inhibitory for Microsporon audouini and other pathogenic fungi , contains important quantities of C7, C9, C11 saturated fatty acids. Finally, two observations will be added here that Staphylococcus epidermidis as resident flora of the skin is more resistant to the bactericidal activity of longchain fatty acids in acidic in vitro environment than S . aureus as transient flora in the skin (Kanai and Kondo, unpublished data) , and that S. epidermidis has lipolytic activity to release fatty acids from triglycerides (Asada , 1968) Dietary fatty acids are incorporated into two types of lipid molecules , glycerides ( Fig. 1, arrow 2) and phospholipids (Fig. 1, arrow 3) , in higher organisms. In glycerides, fatty acids serve as an energy reservoir . In phospholipids which are components of all biologic membrane, the acyl chains of fatty acids give the membrane the properties of hydrophobicity and fluidity which interfer in many ways with the physiology of the cell .
Therefore, if dietary fatty acids are expected to exert some influences on resistance to infectious diseases, we are more interested in a possibility that the fatty acids incorporated into membrane phospholipids (Fig . 1, arrow 3 ) may have some opportunities to be involved in the infection process from the reasons as stated in the later chapters. However, most of the investigators in the past have been concerned with a rather simple idea that , since long-chain fatty acids have in vitro antibacterial activities, these compounds may have some in vivo therapeutic effects. In fact, there have been many clinical studies and empirical information to show that dietary fatty acids have something to do with the process of infection, whatever mechanism may operate there. Though most of them remain now only as a topic of historical interest, two examples will be cited here in connection with mycobacterial infection . Haenel and Piller (1950) reported that cod liver oil rich in antibacterial unsaturated fatty acids has a favorable effect on pulmonary tuberculosis. It is wellknown that chaulmoogra oil had widely been used in the treatment of leprosy, presumably with therapeutic effect , until the advent of modern chemotherapy in 1940s. Recently, Jacobson, Ng and Levy (1973) demonstrated conclusively that the active components of the oil are the cyclopentenyl fatty acids (hydrocarpic and chaulmoogric acids) , and that these fatty acids are antibacterial also against other species of mycobacteria in laboratory media, among which M. gordonae and M. intracellulare being most sensitive.
EFFECTS OF PARENTERAL ADMINISTRATION OF LIPIDS AS STIMULANTS OR DEPRESSANTS ON THE RETICULOENDOTHELIAL SYSTEM
Therapeutic application of free long-chain fatty acids through parenteral routes will meet difficulties because of their hemolytic and cytotoxic activities and the property to deprive the organism of calcium (Kodicek, 1949; Laser, 1952; Nieman, 1954) . Moreover, the potential antibacterial activity of fatty acids thus introduced might be neutralized by adsorption on proteins in the blood stream.
On the other hand, their esterified forms such as triglycerides and cholesteryl esters have been applied to the intravenous route for examination of their possible effect on the reticuloendothelial system. Generally speaking, cholesteryl oleate has little effect on the phagocytic activity of the reticuloendothelial system, though the ester particles were found to be ingested by Kupffer cells and splenic macrophages (Stuart, 1962; Stuart and Smith, 1974) . Only when the ester particles were employed in a large dose such as 30 to 60 mg per mouse, some delay of the carbon-clearance time was observed. Cooper and West (1962) and Cooper (1964) showed that triglycerides having particular fatty acid radicals have in vitro and in viva stimulatory activities on the reticuloendothelial system as revealed by the carbon-clearance test . Triolein and tricaprin have a stimulation effect, but tripalmitin and tristearin are innert . This result suggests a possibility that free long-chain fatty acids enzymatically released from triglycerides may be responsible for stimulation of the reticuloendothelial system. More recently, Mouton et al. (1975) reported that such responsiveness of macrophages to triolein is under the polygenic regulation , and demonstrated the presence of the high and low responder lines.
As a rather exceptional experiment, Spratt and Kratzing (1975) injected an emulsion of oleic acid intravenously to mice. The change of carbon-clearance time indicated decreased phagocytic activity of the reticuloendothelial system . Kakinuma (1974) demonstrated the in vitro stimulative effect of long-chain fatty acids on the oxidative metabolism of leucocytes. The stimulation was explained to be triggered by the hydrophobic binding between the fatty acid alkyl chain and the hydrophobic sites of the plasma membrane. The effective fatty acids in this respect are the same kinds as those with the antibacterial activity as mentioned before. Probably, long-chain fatty acids may act as membrane-stimulants or depressants on various tissue cells depending upon their local concentrations.
ANTIBACTERIAL FATTY ACIDS IN HOST TISSUE CELLS
Experimental studies have been made to obtain suggestive, if not decisive, evidences showing that fatty acids in tissue cells are involved in the mechanism of natural and acquired resistance to some infections. The most representative is concerned with mycobacteria. Toda (1930) expressed an opinion that fatty acids released from lecithin by the action of phospholipase (Fig. 1, arrow 5 ) may destroy in vivo tubercle bacilli to lose their acid-fastness (Fig. 1, arrow 8 ). This idea may have been derived from the previous information on the fact that unsaturated fatty acids exert toxic actions on tubercle bacilli to reduce their virulence and viability (McJunckin, 1923; Boissevain, 1926; Platnov, 1930) .
Later, Boissevain and Schultz (1938) reported that, after saponification of phospholipids extracted from egg yolk and from the liver and the spleen of guinea pigs, released fatty acids inhibiting the growth of tubercle bacilli. Dubos (1950) postulated that antimycobacterial fatty acids in tissue may play an important role in the evolution of tuberculous lesions. Patnode (1954) suggested that the high resistance of rabbits to M. tuberculosis and low resistance to M. bovis are due to the difference between these two species of bacteria in susceptibility to fatty acids of lung tissue. He was also of an opinion that free fatty acids, probably unsaturated fatty acids, released from tissue phospholipids might play a major role in inhibiting the bacillary multiplication in the lung tissue. Youmans and Youmans (1962a, b) Kochan and Golden (1973, 1974) , Kochan and Berend t (1974) and Hemsworth and Kochan (1978) conducted a series of in vitro experiments on the antituberculous activity of macrophages. The results suggest that the molecules responsible for the expression of macrophage-mediated resistance are free fatty acids. Kochan, Pellis and Pfohl (1972) suspected that antimycobacterial fatty acids may be produced during the hydrolysis of lipoproteins or phospholipids by the activity of tissue lipases (Fig. 1, arrow 8) . Hemsworth and Kochan (1978) demonstrated the secretion of antimycobacterial fatty acids by normal and activated macrophages into the tissue culture medium, and suggested that macrophages can exert antimycobacterial effect without phagocytosis. Von Metz (1963, 1968) , Eisler et al. (1967) and Eisler and Heckly (1968) found an antiplague factor in the organs of normal mice and guinea pigs, and the activity was characterized to be the same as that expressed by long-chain fatty acids. In spite of various suggestive evidences as cited above, there has not been a conclusive evidence as yet to prove that fatty acids are actually involved in killing the bacilli in the infection site.
PHOSPHOLIPIDS AND PHOSPHOLIPASES IN PHAGOCYTIC CELLS AND LYMPHOCYTES
If in vivo toxic fatty acids could have an opportunity to act on the sensitive bacilli, phagocytic cells might be the expected site for that event from the reasons as suggested in the preceding chapter. Therefore, a survey of the literatures on phospholipids and phospholipases of phagocytic cells is made here.
Though some preliminary analyses had been made by Gottfried (1967) on human leucocytes, more systematic information was first obtained by Mason, Stossel and Vaughan (1972) . These authors worked on rabbit alveolar macrophages and guinea-pig peritoneal leucocytes that had ingested paraffin oil. In both types of cells, sphingomyelin, lecithin and phosphatidylethanolamine were the major phospholipids, accounting for 10-20%, around 30%, and 22-32% of the total phospholipids, respectively. The proportion of lecithin in phagocytic vesicles in alveolar macrophages was 18%, being much lower than 33% in whole cells. On the contrary, the proportion of lyso(bis) phosphatidic acid was 27%, being much higher than 17% in whole cells. Such a pattern of phospholipid distribution may be due to the fact that the vesicles had acquired phospholipases through degranulation as the usual concomitant of phagocytosis. However, such was not observed in guinea-pig polymorphonuclear leucocytes.
The fatty acid pattern of phosphatidylethanolamine of rabbit alveolar macrophages was characterized by the predominant distribution of arachidonic, oleic, and stearic acids, being around 30, 20 and 20% respectively. The pattern in lecithin was characterized by the high content of palmitic acid (around 30%) and of the even distribution (10-20%) of stearic, oleic, linoleic and arachidonic acids. Regarding the phospholipase activity of phagocytic cells , Elsbach and his associates have conducted an extensive study . Elsbach, Goldman and Patriarca (1972) found that rabbit granulocyte lecithin labeled by preincubation with 32P-lysolecithin lost less than 20% of the radioactivity in 24 hr at 37 C . This distinct but slow rate of degradation was not altered during phagocytosis . However, it must be realized that their results reflect net loss 32P-lecithin in the intact leucocytes but provide no insight into the overall phospholipase activity . On the other hand, exogenous phosphatidylethanolamine was readily degraded by granulocyte homogenate. The activity was of phospholipase A2 in nature , maximal at pH 7.5, required Ca2+, and appeared granule-associated . In their later studies, the enzyme was purified from both the peritoneal granulocytes and peritoneal fluid (Franson, Patriarca and Elsbach, 1974; Franson et al., 1978) as a highly basic protein with a molecular weight of 14,800 .
Another line of their research was to isolate a bactericidal fraction from rabbit polymorphonuclear leucocytes. Purification of sulfuric acid extracts by CM-sephadex chromatography yielded a highly purified , potently bactericidal fraction, which is essentially devoid of lysozyme, myeloperoxidase , and protease activities but associated with phospholipase A2 activity (Patriarca et al ., 1972; Elsbach, 1973; Elsbach et al., 1974; Beckerdite et al ., 1974; Weiss et al., 1975 Weiss et al., , 1976 Weiss and Elsbach, 1977) .
Rapid killing of E, coli by this fraction was accompanied by two almost immediate alterations in the bacterial envelope: a discrete increase in envelope permeability and hydrolysis of phospholipids. Both effects were reversed by further incubation with 40 mM Mg2+ or Ca2+ at 37 C. The findings suggest that both the initiation of the increased permeability and its reversal are linked to respectively the breakdown and resynthesis of major E. coli membrane phospholipids.
Treatment of E. coli, exposed to the leucocyte fraction, with albumin results in extracellular sequestration of the products of hydrolysis and also restores the permeability barrier to actinomycin D, suggesting that the accumulation of lytic products of lipid hydrolysis within bacterial envelope, rather than the loss of phospholipids per se, causes increased permeability. Here again, the role of free fatty acids as one of the lytic products in this antibacterial phenomenon is suggested. At the same time, this study reminds us of the former observations of Zeya and Spitznagel (1968) . They isolated basic proteins by acid extraction from rabbit and guinea-pig leukocytic lysosomes. The proteins were bactericidal against a veriety of bacteria and devoid of the activities of some lysosomal hydrolases and lysozyme. Though the presence of phospholipase A activity was not described, there may be good reasons to believe that the antibacterial basic proteins isolated independently in the above two laboratories are identical in nature. Kondo and Kanai (1978) attempted a model experiment to examine a possible role of the membrane-associated phospholipase A in the antimycobacterial mechanism of activated macrophages. They found that tubercle bacilli preincubated with lecithin-cholesterol liposomes were killed or growth-inhibited by the copresence of added phospholipase A2.
In supporting this study, Wilschut et al. (1978) demonstrated physicochemical aspects of phospholipase A2 action on lecithin liposomes. On the other hand, Rindler-Ludwig et al. (1977) isolated two enzymes which contribute to the hydrolysis of glycerol trioleate from the granular fraction of leukocytes. They have a sharp pH optimum at pH 5.25. Elsbach (1966) found that the homogenate of rabbit alveolar macrophages can split lecithin into lysolecithin and glycerylphosphorylcholine, maximal breakdown occurring at pH approximately 4.0. This observation was later extended by Franson et al. (1973) , who found that rabbit alveolar macrophages are equipped with several phospholipase A activities which can be distinguished by Ca2+-dependency and intracellular distribution. The phospholipase A activity with low pH optimum (4.0 to 5.0) was at least part associated with lysosomes, and the activity was enhanced in the presence of EDTA. The phospholipids employed as substrate were the three main phospholipids of E. coli, namely phosphatidylethanolamine, phosphatidylglycerol and diphosphatidylglycerol (cardiolipin), and they were hydrolized at almost the same rate, the degradation products being free fatty acids and lysophospholipids. On the other hand, phospholipase A activity with pH optimum at around 8.0 was not always associated with lysosomes and appeared to play a role in turnover of endogenous phospholipids. Ferber et al. (1972) found that the lymphocyte plasma membrane had lysolecithin acyltransferase whose specific activities were between 10 to 20 n moles (mg protein)-1min-1 compared to 3 to 4 n moles (mg protein)-1min-1 in endoplasmic reticulum. In accordance with this observation, Resch and Ferber (1972) found that the turnover of the fatty acids exceeded that of the whole lecithin molecule, probably representing the reacylation of endogenously formed lysophosphatides instead of de novo synthesis.
This finding was further extended by Ferber and Resch (1973) with an observation that the plasma membrane of rabbit lymphocytes stimulated with phytohemagglutinin showed lysolecithin acyltransferase activity 2 to 3 times as strong as that of unstimulated lymphocytes (Fig. 1, arrow 6, 11 ). This enzyme activation was found to occur immediately after binding the stimulant and did not depend on energy metabolism or on protein synthesis. Their succeeding paper (Ferber, DePasquale and Resch, 1975) added that the polyunsaturated fatty acid contents (linoleic and arachidonic acid) of lymphocyte phospholipids (phosphatidyicholine and phosphatidylethanolamine) increased after stimulation with concanavalin A. The ratio of polyenoic acids (C18:2 plus C20:4) to saturated fatty acids was thus doubled when compared with control cells. Interestingly enough, they obtained similar results of phosphatidylethanolamine after in vivo stimu-ASPECTS OF FATTY ACIDS 155 lation with BCG organisms. They suggested a possible correlation of these findings with the activation of acyl-CoA lysolecithin acyltransferase, and their relevance for changes of membrane fluidity during lymphocyte stimulation (Fig. 1, arrow 12, 13 ).
CHOLESTEROL AND LONG-CHAIN FATTY ACIDS IN PHAGOCYTIC CELLS
Cholesterol is a constituent of membranes in mammalian cells. Despite the immense accumulation of literatures on cholesterol metabolism of the whole organisms, our knowledge of the cellular level has been rather fragmentary excepting that first described by Hagerman and Gould (1951) on cholesterol exchange between plasma lipoproteins and the erythrocyte membrane .
More recently, Werb and Cohn (1971a) demonstrated that mouse peritoneal macrophages rapidly exchanged their membrane cholesterol with that of lipoproteins of calf serum during in vitro cultivation. The total level of cholesterol was fairly constant, the ratio to protein being 12 pg cholesterol per mg protein . Nilsson and Zilversmit (1972) suggested on the basis of experiments with liver macrophages and spleen cells that the net cholesterol transfer is determined by the relative degree of saturation of intracellular and extracellular cholesterol binding sites on membranes and soluble lipoproteins. Werb and Cohn (1971b) further noticed that macrophage membrane cholesterol is present in two subcellular pools; a rapidly exchanging compartment comprising two-thirds of the total cholesterol, probably the plasma membrane , and a slowly exchanging compartment comprising one-third of the total, probably the intracellular membranes primarily of lysosomal origin.
On the other hand, no detectable cholesterol ester was present within the cell (Werb and Cohn, 1971a) , probably because the ester is hydrolized so rapidly by a lysosomal cholesterol esterase with optimal activity at pH 4.0 (Werb and Cohn, 1972) . They postulated that cholesterol esters are primarily located within the cell vacuoles (phagosomes) and not in the cell membrane. This idea is compatible with the unpublished results of lipid analyses by Robertson and Rothblat as cited by the latter author (1969) and also with those by Kondo and Kanai (1976b) .
In view of the purpose of the present review, further discussion will be focused on esterification of cholesterol with fatty acids and ester hydrolysis in relation to their biological significance.
Esterification of cholesterol with long-chain fatty acids: Day and Tume (1969) demonstrated that incubation of 14C-labelled cholesterol and oleic acid with dialyzed cell-free preparations of rabbit peritoneal macrophages resulted in the formation of 14C-labelled cholesterol ester without requirement for ATP or CoASH. The optimum pH for their reaction was 6.4, and the esterification mechanism was found to be direct esterification with free fatty acids and not the transesterification reaction with lecithin. Tume and Day (1970) obtained the same results with rabbit alveolar macrophages (Fig. 1, arrow 7 
CELL-TO-CELL CONTACT AS A SUGGESTED IN VIVO REQUIREMENT FOR THE EXPRESSION OF FATTY ACID CYTOTOXICITY VIA PHOSPHOLIPASE ACTIVATION
Though long-chain fatty acids show an in vitro cytotoxicity on some microorganisms and tissue-cultured cells, it is generally believed that the same event would not occur in living bodies in which various neutralizing agents such as serum are abundant. In this chapter, however, discussion will be made on some particular in vivo situation where free fatty acids may have an opportunity to act as a cytotoxic agent. For this possibility, the close contact between two cells is postulated. Hax et al. (1974) found that the close contacts between Acanthamoeba castellani cells due to an increased population density in the growth medium are accompanied by the increase of phospholipase A activity (Fig. 1, arrow 5) . Long-chain fatty acids released at this contact area may be inaccessible to environmental fluid containing protein as suggested in an other experimental system by 158 KANAI et KONDO Vol. 32 Cohen et al. (1969) , thus escaping from the neutralizing effect. A similar situation was recently considered in connection with the cytotoxic effect of sensitized lymphocytes on target cells. Frye and Friou (1975) investigated the biochemical mechanism of the cytotoxic T-cell and K-cell systems, and pointed out that some enzyme, probably phospholipase A, on the effector cell surface becomes activated by specific effector-target cell contact, and the activated enzyme alters the molecular architecture of the target cell membrane resulting in lysis. Though the participation of free fatty acids was not considered, some earlier studies on the mechanism of cytotoxic killing of target cells by immune cells also demonstrated the need for cell contact. The cytotoxic event proceeds in discrete stages. The earlier stages which are inhibited by cytochalasin B or prostaglandins are clearly distinct from and occur before the stages which require divalent cations and inhibited by EDTA. It should be noted that divalent cations are essential for phospholipase A activity in the membrane (Mauel et al., 1970; Sabbadini, 1970; Ferluga, Asherson and Becker, 1972; Henney and Bubbers, 1973) . Okudaira et al. (1970) prepared mouse lymphnode extract which in the in vitro system is hemolytic and also cytotoxic to several strains of tumor cells. The active principle was identified to be an unsaturated fatty acid (Fig. 1, arrow S, 20) . Starting from this finding, Okada and Cyong (1975) reached an observation that the cytotoxicity was revealed only in the extract from the mixed culture of the immune lymphnode cells and the corresponding target cells. They suspected that such a lipolytic enzyme as phospholipase A2 may play an important role in generating cytotoxic fatty acids. Cyong and Okada (1976a) were then successful in demonstrating histochemically an increased amount of free fatty acids on immune lymphnode cells in the mixed culture. Their later studies (1976b) appear, however, to place more weight on the liberation of fatty acids from triglycerides by lipases rather than from phospholipids by phospholipases.
Concerning the cytotoxic effect of activated macrophages on syngeneic tumor cells, it was proposed again that the event occurs only via close contact between two kinds of cells when serum is present in the environment (Mclvor and Weiser, 1971; Keller, 1973; Melsom et al., 1974) . Though these authors did not specify long-chain fatty acids released in the contacting sites as responsible cytotoxic agents, this possibility would not be excluded. Golden and Smith (1975) studied on the selective toxicity of fatty acids against transformed cell cultures and suggested fatty acid-induced direct alteration of the target cell membrane during intimate macrophage-target cell contact. Under these conditions, the liberated fatty acids might become bound to the target cell before they are bound to serum albumin. Kato et al. (1969) were successful in treating Ehrlich asci tes tumor in mice by administration with monoglycerides and sucrose esters of capric, lauric, myristic, palmitic, oleic and linoleic acids, but not with their methyl esters or solbitol esters. The hydrophilic and hydrophobic balance in the molecular structure of those fatty-acid esters might be a requirement for their affinity to tumor-cell membrane, and that the esters must be hydrolized on or in the cell membrane to release the fatty acids.
Another interesting finding was obtained in an in vitro study of Smialowicz and Schwab (1977) . Peritoneal macrophages from Fischer 344 rats were cytotoxic for mouse fibroblasts only when the macrophages were ingesting non-biodegradable group A streptococcal cell walls. Biodegradable group D streptococcal cell walls did not show such activation effect. They added that direct cell contact with target cells is required for this cytotoxicity. In our view, the persistent interaction between non-degradable cell wall residue and the phagosomal membrane may be a factor to make the surface property of the macrophage membrane cytotoxic for target cells.
Kobayashi, Sawada and Osawa (1978) , who worked on the mechanism of guinea-pig lymphotoxin, found that when the toxin is bound to the receptor site on the target cell membrane the membrane-associated phospholipase A is activated to release free fatty acids from membrane phospholipids.
All these studies support the causal relationship between membrane-tomembrane contact and the liberation of free fatty acids via phospholipase A activation.
In the same context as above, the participation of long-chain fatty acids in the pathogenesis and evolution of some bacterial infection may be postulated on the basis of host-parasite close contact. The most likely example may be the intracellular bacterial infection, in which the close contact between the phagosomal membrane and ingested bacteria might be related with the outcome of infection. Leake and Myrvik (1970) and Leake, Ocker and Myrvik (1977) observed by electron microscopy the adherence of the phagosomal membrane to the outmost layer of mycobacterial cell wall in tissue-cultured macrophages. Some mycobacteria within disrupted macrophages were observed attaching to remnants of the phagosomal membrane, suggesting that such adhesion was due to a tight bond. Kanai, Kondo and Yasuda (to be published) confirmed their findings in mycobacteria-loaded polymorphonuclear leucocytes and macrophages in mouse lung lesions and also in mycobacteria separated therefrom.
Earlier than this morphological studies, Kanai and Kondo (1970b) , Kondo et al. (1970), and Kondo and Kanai (1977a) found that mycobacteria harvested from the infected mouse lungs were closely associated with host-specific lysosomal enzymes and membrane lipids. This observation suggested strongly an interaction between phagocytic cells and ingested mycobacteria at the phagolysosomal level, and tempted them to a model experiment with artificial biomembrane (lecithincholesterol liposomes). A dual effect of liposomes for or against mycobacterial multiplication was observed. When liposomes were incorporated in an appropriate amount into synthetic liquid medium of limited composition, the growth of mycobacteria was enhanced to varied degrees depending upon the molecular species of lecithin different in fatty acid composition (Kondo and Kanai, 1976d; Kanai and Kondo, 1978) .
The affinity of mycobacteria to liposomes in relation to their fatty acid biosynthesis was also demonstrated by Odriozola and Bloch (1977 (Lucy, 1970) . Lysolecithin may be produced at such localized sites that the over-all in vivo integrity of the membranes concerned is not threatened as it is when cells are treated with exogenous lysolecithin (Poole, Howell and Lucy, 1970) . The activation of membrane-bound phospholipase A may play a crucial role in this phenomenon as shown by Bedgrave (1973) with the phenomenon of chylomicrons discharge during intestinal absorption. It might be pointed out here that when lysolecithins are produced by hydrolysis of lecithins in the membrane, free fatty acids are simultaneously released. Probably, a potential control system for the change of molecular structure of membranes to allow fusion to occur would consist of lecithin, lysolecithin, long-chain fatty acids, cholesterol, cholesterol esters and phospholipases. Kremer and Wiersema (1977) found that fusion is greatly influenced by the phase-transition temperature of the phospholipid bilayer as determined by the amount of free fatty acids incorporated into the layer. Kantor and Prestegard (1978) also examined the transformation (fusion) of dimyristoyl-phosphatidylcholine vesicles to larger structures by incorporating free myristic acid into the bilayer phase. A 1:1 correlation was noted between leakage of contents and vesicle formation. Stabilization of leaks in bilayer membranes by myristic acid and the resultant formation of activated sites for vesicle transformation were postulated. Beaman (1977) studied the interaction of Nocardia asteroides with cultured "normal" nonimmune rabbit alveolar macrophages. When infected with a more virulent strain, macrophage aggregation occurred on the cover slips exhibiting tight cell-to-cell contact and sometimes fusion to form multinucleate giant cells. Intracellular nocardia appeared to be destroyed only in these giant cells, and some of the macrophages aggregates that did not fuse appeared to be unable to stop their intracellular growth. This observation may suggest that the membrane condition to induce cell fusion is essential for the antinocardia activity of macrophages. He demonstrated also that only when the filaments of intraphagosomal nocardia penetrated through the phagosomal membrane, the macrophage appeared to detach from the glass, resulting in lysis and uptaking trypan blue. Perrudet-Badoux et al. (1978) showed that eosinophiles adhere tightly to the larvae of T. spiralis with the aid of antigen-antibody reaction and that the membrane of the larvae is modified, e.g. dispersed local lifting, along with degeneration of the contacting eosinophile. This is most interesting in connection with the elevation of phospholipase activity in the infected tissue as described above, and also with the paper of Hax et al. (1974) introduced in the beginning of Chapter 11. Hemsworth et al. (1978) showed that B-16 melanoma is susceptible, and L-1210 leukemia resistant, to the action of peritoneal exudate cells activated in vivo by C. parvum or pyran copolymer, when assayed by in vitro cytotoxicity and in vivo Winn method. Interestingly enough, B-16 melanoma cells, and not L-1210 cells, are susceptible to the cytotoxic effect of C16:0, C18 :2. They explained that fatty acids presumably act on the cell membrane and require other moieties, perhaps lysosomal enzymes, to effect the lytic event. Their current working hypothesis is that difference in lipid composition of cell membrane are the molecular basis for resistance of certain tumor cells, and perhaps normal cells, to destruction by activated macrophages.
Fatty acids as antigen-modifiers for sensitization: Coon and Hunter (1973) found that guinea pigs injected with a protein antigen covalently conjugated with long-chain fatty acids (dodecanoic acid) developed sustained delayed hypersensitivity without formation of detectable antibody. This effect was enhanced by the combined use of purified BCG cell walls attached to the oil droplets (Champlin and Hunter, 1975) . In these studies, it was noted that the fatty acidconjugated antigens were preferentially localized in the paracortical area of draining lymphnodes and the above adjuvant promoted such localization. Chiba, Otokawa and Egashira (1976) were successful in inducing transient delayed-type hypersensitivity in guinea pigs by injection with BSA lightly conjugated with dodecanoic acid, and this sensitivity was found to be converted into sustained nature by cyclophosphamide treatment of the animals. Kojima, Sugimoto and Egashira (1976) , who worked with dodecanoic acid-conjugated lysozyme, concluded that the enhancement of delayed-type hypersensitivity by cyclophosphamide does not necessarily entail suppression of antibody formation.
Extending the previous observation of Champlin and Hunter (1975) , found that the increased immunogenicity of BSA conjugated with dodecanoic acid appears to be related to hydrophobic nature of the conjugated side chains and the degree of enhancement varied for different antigenic determinants on BSA. Dailey, Post and Hunter (1977) showed that 25 to 50-fold more lipid-conjugated BSA is taken up by macrophages in vitro than unconjugated BSA or animated BSA, neither of which induces delayed-type hypersensitivity. They postulated that the capacity of lipophilic antigens to stimulate cell-mediated immune responses may be caused by their increased uptake by macrophages , resulting in more efficient presentation. Tsumita and Ohashi (1964) demonstrated experimentally the necessity of fatty acid for the erythrocyte-sensitizing ability of lipopolysaccharide . They acylated partially synthetic lipopolysaccharide with palmitoylchloride so as to contain 15.1% of esterified palmitic acid. This substance in a quantity as small as 0.5 pg could sensitize 1 ml of 2% erythrocyte suspension , and this was the same level of activity as a natural antigenic lipopolysaccharide purified from M. tuberculosis cells . The sensitizing activity was completely neutralized by cholesterol. Probably, the terminal fatty acid of the lipopolysaccharide molecule thus treated may have been inserted into the phospholipid bilayer by hydrophobic binding.
A similar role of fatty acids was demonstrated by DeVuono and Panos (1978) . Lipoteichoic acid is generally considered to be responsible for adhesion of Group A streptococci to tissue cells. This activity was lost when it was deacylated.
PROSTAGLANDINS
Prostaglandins as biologically active substances are biosynthesized from endoperoxides which are produced by cyclo-oxygenation of unsaturated fatty acid liberated from membrane phospholipids (Fig. 1, arrow 10 ). These fatty acids are linolenic and arachidonic acids, and membrane-associated phospholipase A may be responsible for their liberation (Fig. 1, arrow 5) . Numerous literatures are now accumulating to indicate that prostaglandins are playing a vitally important role in inflammation (Fig. 1, arrow 15 ), immunological events (Fig. 1, arrow 10) , infection and tumor cell growth (Fig. 1, arrow 18) . Survey of these literatures will require an independent review. The recent review of Meade and Mertin (1978) is most helpful to obtain a perspective on these problems. We are interested at this moment only in the information that corticosteroids inhibit the biosynthesis of prostaglandin (Kantrowitz et al., 1975) probably by inhibiting the process leading to activation of phospholipase A (Blackwell et al., 1978; Brain, Lewis and Whittle, 1977) . Hong and Levine (1976) also reported that serum stimulates the production of prostaglandins by transformed mouse fibroblasts, and that hydrocortisone inhibits this stimulation by interfering with arachidonic acid release from phospholipids.
These findings suggest also that constituent fatty acids of phospholipids and the activation of membrane phospholipase A may be a key factor regulating the process of many biochemical phenomena. 
